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Introduction

40
The intracellular enzymatic activity of a single living cell is a beneficial indicator of its 41 metabolic vitality. Novel analytical tools permitting low-invasive, continuous, quantitative, and 42 single-cell level measurements to estimate the intracellular enzymatic activity are required. 43
Electrochemical methods have enabled the noninvasive quantitative analysis of redox enzyme 44 activity by using mediators that shuttle electrons between the electrode and enzymes. In 45 particular, hydrophobic redox mediators are known to undergo transmembrane diffusion 46 processes and can be utilized to investigate intracellular redox activity [1, 2] . In addition, 47 scanning electrochemical microscopy (SECM), which is a scanning probe microscopy technique 48 and uses a micro-or nano-electrode as a probe, is suitable to measure enzymatic activities with 49 high spatial resolution (less or equal to the size of a single cell) [3, 4] . Because SECM is useful 50 to image and analyze the efflux or uptake of redox species from a sample surface, it has been 51 used for single-cell measurements of stress-related chemicals such as neurotransmitters [5] [6] [7] , 52 nitric oxide [8] , reactive oxygen species (ROS) [9, 10] , and oxygen [11] [12] [13] . Intracellular and 53 cell surface enzyme activities have also been detected with minimal invasiveness and 54 characterized quantitatively [14] [15] [16] [17] [18] [19] [20] [21] . 55
Menadione is a quinone derivative with high cell membrane permeability and has been 56 used to evaluate intracellular enzyme activities [14-16, 22, 23] . However, it is also known that 57 menadione is cytotoxic. In the cell, menadione is detoxified by the NAD(P)H:quinone 58 oxidoreductase (NQO) (EC 1.6.5.2) or eliminated by the conjugation reaction with glutathione 59 (GSH).
[24] NQO is a key enzyme that provides protection from quinone species. NQO protects 60 against the deleterious effects of quinones by catalyzing their two-electron reduction without 61 generating radical species. In general, quinones can readily undergo one-electron reduction 62 reactions by other reductases and this process generates ROS, which are extremely cytotoxic 63 because they induce lipid peroxidation, enzyme inactivation, and modification of DNA. This 64 reaction also results in the generation of reactive semiquinone intermediates that can form 65 adducts directly with cellular macromolecules, including DNA, thereby making them 66 carcinogenic [25] . Another detoxification mechanism is the formation of a menadione conjugate 67 with the reduced form of GSH. GSH is the major endogenous antioxidant, preventing damage 68 of important cellular components from ROS attack. After the conjugation reaction of menadione 69 with GSH, the complex is pumped out of the cell. Bard et al. detected the GSH-menadione 70 complex in yeast cells [15] and Hep G2 cells (a human liver carcinoma cell line) [14] and 71 calculated the efflux rate using on a constant-flux model. 72
The menadione-ferrocyanide double-mediator system has been used to amplify the 73 4 current response from intracellular NQO activities (Fig. 1) concentration is much higher than that of menadione, it is not possible to detect menadione 83 directly on the electrode because almost all menadione is reoxidized by ferricyanide near the 84 cellular surface. If we assume that the concentrations of menadione and ferricyanide are in large 85 excess over the value of the Michaelis constant of NQOs and that the microelectrode detects the 86 diffusion-limited current, the rate-limiting step for the determination of the current response is 87 the intracellular NQOs reaction [27] . 88
In this study, the NQO activity of single living cells was monitored electrochemically 89 with a double-mediator system and SECM at different concentrations of menadione as a 90 membrane-permeable (hydrophobic) mediator. Ferricyanide, as a non-permeable mediator, was 91 used for the highly sensitive detection of NQO activity. We optimized menadione concentration 92 to minimize cytotoxicity and optimized ferricyanide concentration to obtain clear response. 
SECM set-up
114
A disk-type Pt electrode with a diameter of 20 μm (RG = 2, RG, the ratio of the 115 insulating glass sheath radius to the disk electrode radius) was used as a SECM microelectrode 116 probe. The fabrication of the Pt microelectrode has been described previously [28] . In brief, a 117 fine Pt wire was inserted into a glass capillary and shielded by thermal fusing of the glass. 118
Finally, the tip of the capillary was carefully polished to give a disk-type microelectrode. SECM 119 measurements were performed in a constant height mode. The electrode-substrate (petri dish) 120 distance was set at 20 μm to avoid contact with the cells. The electrochemical current was 121 6 measured on the basis of a two-electrode configuration using an Ag/AgCl/KCl (sat.) electrode 122 as reference electrode. The microelectrode was set at +0.5 V vs. Ag/AgCl/KCl (sat.) at room 123 temperature (20°C) for the detection of ferrocyanide. The current was amplified using a current 124 amplifier (428, Keithley). Movement of the microelectrode probe was performed using a 125 motor-driven XYZ stage (K701-20RMS, Suruga Seiki) and a stage controller (D70, Suruga 126 Seiki). The details of the SECM system have been reported elsewhere [17] . The measurements 127
were conducted in a petri dish with HeLa cells in HEPES-based saline solution (10 mM HEPES, 128 150 mM NaCl, 4.2 mM KCl, 2.7 mM MgCl 2 , 1.0 mM Na 2 HPO 4 , and 11.2 mM glucose; pH 7.4) 129 containing 10 or 100 μM menadione and 200 μM ferricyanide. Before conducting the SECM 130 measurements, the culture medium was replaced with HEPES-based saline solution. 131 132
Evaluation of the NQO activity
133
We evaluated the NQO activity as rate at which ferricyanide is generated using 134 one-line scan SECM measurements. To monitor the NQO activity, one-line scan SECM 135 measurements were carried out every several minutes. The baseline tilt of current response was 136 subtracted by current response at start and last points of one-line scan where the microelectrode 137 located away from the cell samples. Quantification of the mass transfer rate of the redox 138 mediator (ferrocyanide) from a single HeLa cell was carried out using GC mode SECM imaging 139 as described previously [29] . Briefly, when a spherically shaped cell is positioned on a flat 140 substrate in a measurement solution, the mass transfer rate of the hemispherically diffusing 141 redox mediator from the single HeLa cell (F cell in mol s -1 ) in a steady-state rate can be expressed 142 as 143 (1) 144 where D is the diffusion coefficient of a redox mediator (for ferricyanide, D ferro = 6.5 × 10 -6 cm 2 145 s -1 ); r s is the radius of the single HeLa cell (in this study, r s = 10 μm); and ΔC/Δx is the 146 concentration gradient of the redox mediator at the cell surface (mol cm -2 ). The concentration 147 gradient of a redox mediator at the cell surface is calculated from the profiles of the redox 148 current. For a conductive disk electrode, the redox current observed with the SECM system is 149 expressed by 150
where n is the number of electrons per molecule reduced; F is the Faraday constant (96500 C 152 mol -1 ); C is the local concentration of the redox mediator (mol cm -3 ); and a is the electrode 153 radius (cm). The Faradaic current is also relatively independent of the RG. For a large RG, the 154 experimental current should be close to the value expected from Eq. (2). However, at a RG < 10, 155 a correction can be introduced by replacing the factor "4" in Eq. (2) The intracellular ROS level was determined using the OxiSelect™ ROS Assay Kit 184 (Cell Biolabs, CA). Cells were seeded on a 35-mm dish, followed by incubation at 37°C for 6 h 185 under 5% CO 2 for cell attachment. DCFH-DA (2',7'-dichlorodihydrofluorescein diacetate) was 186 added to the each dish and incubated for 1h under 5% CO 2 . DCFH-DA is deacetylated by 187 cellular esterases to non-fluorescent 2', 7'-Dichlorodihydrofluorescein, which is rapidly 188 The relationship between the menadione concentration and intracellular ROS and GSH 219 levels is shown in Fig. 3A and 3B, respectively. Intracellular ROS levels were significantly 220 increased at 100 μM menadione comparing with untreated controls (Fig. 3A) . This is because 221 menadione is reduced by one-electron reactions via other reductases and induces the generation 222 of ROS. When the menadione concentration was 100 μM, high levels of ROS were generated 223 and caused cell death. This result was consistent with that of the viability assay. ROS were also 224 generated at a low menadione concentration (1 μM); however, cell viability was not affected 225 (Fig. 2) . Moreover, it was evident that the distribution of intracellular ROS levels became much 226 broader. This is attributable to the differences in the detoxification ability of each cell suggesting 227 a heterogeneous property of individual cells. 228
The intracellular GSH level significantly decreased when cells were exposed to more 229 than 40 μM menadione, whereas it did not decrease at lower menadione concentrations (≤ 10 230 μM; Fig. 3B) . Collectively, at a higher menadione concentration (100 μM), the elimination of 231 menadione by formation of the GSH-conjugate becomes insufficient and the remaining 232 menadione induces the generation of ROS, which leads to cell damage. At a menadione 233 concentration of 10 μM, the cytotoxic effect is very small because of the GSH-mediated 234 11 detoxification of menadione even though ROS might also be generated. In the following SECM 235 experiments, the menadione concentration was set at 10 μM to enable the measurement of 236 electrochemical signals from the cells. 237 238
SECM imaging and flux analysis of a single cell
239
We measured the NQO activity of HeLa cells using a double-mediator system (Fig. 1) . Fig. S1 ). This observation indicates that SECM can be used to indirectly 254 evaluate the NQO activity at a single-cell level by electrochemical detection of ferrocyanide. 255
The area of higher current responses on the SECM image became slightly larger than the real 256 area of the single cell on the optical image caused by diffusion of the mediators in buffer 257 solution. At 100 μM menadione, a current response from the single cell could not be clearly 258 12 observed in most cases (SI. Fig. S2 ). This was due to cell death originating from the cytotoxicity 259 of menadione. 260
The ferrocyanide generation rates of individual HeLa cells, F cell , were calculated using 261
Eq. (1) and were found to be 7.15 ± 3.54 × 10 -17 mol s -1 per cell (N = 18). This was larger than 262 the generation rate detected from a single yeast cell previously reported by Nagamine et al. 263 (3.07 × 10 -19 mol s -1 per cell) [16] . The main reason why the large generation rate for HeLa cell 264 was observed was that the size of HeLa cell is larger than that of yeast cell. However, the 265 concentrations of menadione and ferrocyanide in that study were different from those used in 266 the present study. Furthermore, large variations in the current responses were observed (SI, Fig.  267 S3), which is thought to be due to the heterogeneity in NQO activity of each HeLa cell. 268
Generation of ferrocyanide was observed immediately after replacing the culture 269 medium with measurement solution containing menadione (Fig. 5) . At 10 μM menadione, the 270 generation rate was almost constant for 120 min. On the contrary, at 100 μM menadione, it 271 decreased rapidly within 30 min after addition of menadione. This drastic decline could be 272 attributed to cell death (Fig. 2 ) and was consistent with the difficulty to detect a current response 273 at 100 μM menadione (SI, Fig. S2) . 274
When the current response was 0.377 pA (one-line scan result at 60 min of However, it has been suggested that concentration changes of ferrocyanide near the cell due 279 to the high reaction rate at the tip induces local concentration gradients and causes a 280 diffusion-controlled exchange of redox species. Indeed, the ferrocyanide generation rate was 281 slightly decreased when the electrode was placed closer to the cell (Fig. 6) . It was not due to 282 observed immediately after addition of 10 μM menadione. The ferrocyanide generation rate was 305 constant for 120 min. At 100 μM menadione, the ferrocyanide generation rate decreased rapidly 306 within 30 min because of the cytotoxic effect of menadione. We also investigated the 307 relationship between intracellular ROS or GSH levels and the menadione concentration to 308 which cells were exposed to determine the optimal menadione concentration for minimally 309 invasive detection. We found that 10 μM menadione was optimal to detect NQO activity. The 310 present study clearly demonstrated that SECM is useful for the analysis of intracellular 311 enzymatic activities in single cells using a double-mediator system. In the future, the SECM 312 system with distance control and a nano-electrode as probe will be applied for more precise 313 analyses that include not only the estimation and monitoring of NQO activity or metabolites but 314 also morphological changes in the cell surface. 
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